INTRODUCTION
============

Human SLX4, also known as FANCP or BTBD12, is a multi-domain scaffold protein composed of 1,834 amino acids with a calculated molecular mass of 200 kDa ([Fig. 1](#f1-molcell-37-8-569){ref-type="fig"}). Through direct interaction, SLX4 functions as a docking platform for the assembly of multiple genome maintenance factors including MSH2-MSH3, PLK1, TRF2, XPF-ERCC1, MUS81-EME1 and SLX1 ([@b15-molcell-37-8-569]; [@b33-molcell-37-8-569]; [@b43-molcell-37-8-569]). SLX4 consists of two tandem ubiquitin-binding zinc finger (UBZ) domains, MEI9^XPF^ interaction like region (MLR), a Broad-complex, Tramtrack and Bric a brac (BTB), SAF-A/B, Acinus and PIAS (SAP), and SLX1 binding domain (SBD) ([@b15-molcell-37-8-569]). The UBZ domain is believed to be important for recruitment of SLX4 to the sites of ICLs ([@b17-molcell-37-8-569]; [@b22-molcell-37-8-569]). The MLR, SAP and SBD domains are responsible for the interaction with XPFERCC1, MUS81-EME1 and SLX1, respectively ([@b24-molcell-37-8-569]; [@b44-molcell-37-8-569]). PLK1 and TRF2 bind to the middle of SLX4 ([@b43-molcell-37-8-569]). Accumulated data has proved that SLX4 plays versatile functions in maintaining genome stability by orchestrating ICL repair, HJ resolution, restoration of stalled replication forks and telomere maintenance, all of which require nucleolytic activities to process DNA intermediates with abnormal structures. The scaffold SLX4 has evolved to cleverly modulate these multiple processes by delivering nucleases where needed and by promoting cooperative execution to complete the processes.

Slx4 and Slx1 were initially uncovered during a synthetic lethal screen in *S. cerevisiae* lacking Sgs1, an ortholog of human Bloom's helicase (BLM) ([@b32-molcell-37-8-569]). Orthologs of SLX1 and SLX4 have been identified and characterized in other organisms including *S. pombe* ([@b10-molcell-37-8-569]), *C. elegans* ([@b37-molcell-37-8-569]), *D. melanogaster* ([@b2-molcell-37-8-569]), mouse and human ([Fig. 1](#f1-molcell-37-8-569){ref-type="fig"}). The conservation of SLX4 and SLX1 proteins among different species underscores the important physiological roles of SLX4-SLX1. Recent progress in understanding the roles of SLX4 has expanded our knowledge not only in various genome maintenance mechanisms, but also in clarifying the functions of its binding partners.

ROLES OF SLX4 IN DNA INTERSTRAND CROSSLINK REPAIR
=================================================

Mutations of the *SLX4/FANCP* gene in Fanconi anemia
----------------------------------------------------

ICL is one of the most dangerous types of DNA damage. It covalently links two strands of DNA, inhibiting transcription and replication ([@b13-molcell-37-8-569]). Fanconi anemia is a rare recessive genetic disease characterized by early onset of bone marrow failure, congenital abnormalities and predisposition to cancer. Cells from FA patients show enhanced sensitivity to DNA crosslinking agents. Consistently, genes mutated in FA patients are implicated in ICL repair ([@b11-molcell-37-8-569]; [@b25-molcell-37-8-569]). The findings that human cells depleted of SLX4 are hypersensitive to DNA crosslinking agents prompted research laboratories to sequence the *SLX4* gene in FA patients with no known FA gene mutations. Indeed, a couple of groups identified biallelic *SLX4* mutations in six patients diagnosed with FA, emphasizing the important physiological roles of SLX4 in humans ([@b23-molcell-37-8-569]; [@b40-molcell-37-8-569]).

UBZ domain and SLX4-XPF interaction are critical for ICL repair
---------------------------------------------------------------

In an attempt to understand the molecular mechanisms of SLX4 functions in ICL repair, a series of domain deletion mutants of SLX4 were expressed in SLX4 null human cells, showing that the UBZ domain and the XPF interacting domain (MLR) are critical for ICL repair ([@b24-molcell-37-8-569]) ([Fig. 2A](#f2-molcell-37-8-569){ref-type="fig"}). Although the exact physiological relevance of the UBZ domain has not been determined, the UBZ domain might be important for recruitment of SLX4 to sites of ICLs ([@b22-molcell-37-8-569]). *In vitro* ubiquitin binding showed that purified UBZ domain interacts with K-63 linked polyubiquitin chains, but not with K-48 linked polyubiquitin chains, and this interaction is abolished when the highly conserved two cysteine residues within the UBZ domain are mutated to alanine ([@b23-molcell-37-8-569]). In chicken DT40 cells, the UBZ domain is responsible for the interaction of SLX4 with ubiquitinated FANCD2 although this interaction has not been recapitulated in human cells ([@b48-molcell-37-8-569]). XPF-ERCC1 is the only nuclear excision repair (NER) factor that is implicated in ICL repair ([@b12-molcell-37-8-569]; [@b27-molcell-37-8-569]). Recently, epistasis analysis showed that XPF function in ICL repair is completely dependent on SLX4 ([@b24-molcell-37-8-569]). Although there are conflicting views on the function of XPF in ICL repair ([@b4-molcell-37-8-569]), more data listed below support the idea that XPF plays a role at the incision step downstream of FANCD2, but not in homologous recombination ([@b7-molcell-37-8-569]; [@b24-molcell-37-8-569]; [@b26-molcell-37-8-569]; [@b27-molcell-37-8-569]; [@b36-molcell-37-8-569]). First, SLX4 deficient human cells expressing SLX4 mutant that cannot interact with XPF are sensitive to mitomycin C (MMC), an ICL inducing agent, but not to camptothecin (CPT) and poly ADP ribose polymerase (PARP) inhibitor, both of which induce DNA double strand breaks ([@b24-molcell-37-8-569]). Consistently, HJ resolution activity of SLX4 is dependent on the interaction with MUS81 and SLX1, but not on XPF ([@b18-molcell-37-8-569]; [@b47-molcell-37-8-569]). Second, cells from FANCQ/XPF patients are sensitive to ICL-inducing agents, but not sensitive to CPT and PARP inhibitor although the XPF variant found in FANCQ patient still interacts with SLX4 ([@b6-molcell-37-8-569]; [@b21-molcell-37-8-569]). Taken together, these data support the idea that the specific function of XPF is not for homologous recombination but for other steps in the ICL repair, probably incision steps ([Fig. 2A](#f2-molcell-37-8-569){ref-type="fig"}).

SLX1-SLX4 is involved in ICL repair
-----------------------------------

Depletion of SLX4 leads to a reduction in endogenous SLX1 protein level in human ([@b15-molcell-37-8-569]). Consistent with this finding, SLX1 is not detected in cells from SLX4 deficient mice. Whereas expression of wild type SLX4 in *SLX4*^−/−^ MEF restores the SLX1, expression of the SLX4 mutant that cannot interact with SLX1 fails to do so ([@b7-molcell-37-8-569]). Therefore, the SLX1-SLX4 interaction is essential for stability of SLX1 protein. On the contrary, SLX4 protein level is not altered in *SLX1*^−/−^ MEF and in human cells with siRNA-mediated SLX1 depletion. *SLX1* deficient mice were fertile and morphologically indistinguishable from wild type littermates. Cells from *SLX1* deficient mice exhibit modest sensitivity to MMC, implicating SLX1 in ICL repair. The function of SLX1 in MMC resistance requires its nuclease activity as expressing nuclease-dead SLX1 mutant in *SLX1* deficient MEF fails to rescue the MMC sensitivity ([@b7-molcell-37-8-569]). Since the SLX4-SLX1 complex has HJ resolvase activity, it was initially proposed that SLX1 nuclease activity plays a role in homologous recombination during the ICL repair ([@b33-molcell-37-8-569]; [@b42-molcell-37-8-569]). However, expression of nuclease dead SLX1 fused to archaeal resolving enzyme Hje (Hje-SLX1^mut^) in *SLX1* deficient MEF fails to complement MMC sensitivity, but restores Holliday junction resolvase activity. These results imply that SLX1's function in ICL repair involves cleavage of DNA intermediates rather than Holliday junctions. The target DNA intermediates of SLX1 during ICL repair remain elusive.

Roles of MUS81-EME1 in ICL repair
---------------------------------

*MUS81* deficient mice are fertile, born at normal Mendelian frequencies with no overt abnormalities ([@b14-molcell-37-8-569]) but cells from *MUS81* deficient mice are sensitive to DNA crosslinking agents ([@b19-molcell-37-8-569]; [@b31-molcell-37-8-569]). The SAP domain of human SLX4 is responsible for SLX4-MUS81 interaction, and expression of the SAP domain deletion SLX4 mutant in human SLX4 null cells partially rescue the MMC sensitivity of the FANCP cells, suggesting that the function of MUS81 in ICL repair depends on SLX4-MUS81 interaction. These findings are further supported by the results showing that depletion of MUS81 in FANCP cells results in the same MMC sensitivity as the FANCP cells. Interestingly, expression of mouse SLX4 mutants (L1348A and L1351A L1352A) that cannot interact with MUS81 were able to rescue the MMC sensitivity of SLX4^−/−^ MEF to the same level as wildtype SLX4 ([@b7-molcell-37-8-569]). These findings suggest that the interaction of SLX4-MUS81 is not important for the function of MUS81 in ICL repair at least in mice, but non-SLX4-associated MUS81 might play a role in ICL repair. The SAP domain might have additional function for regulating SLX4 activities in ICL repair besides the interaction with MUS81 ([@b7-molcell-37-8-569]). Understanding the discrepancy of MUS81's function in ICL repair in human and mice will be interesting to study.

ROLES OF SLX4 AS A HOLLIDAY JUNCTION RESOLVASE
==============================================

HJ is a crusade form of DNA intermediate arising at the very last step of homologous recombination during DNA double strand break repair and restoration of stalled replication forks ([@b29-molcell-37-8-569]). The HJ processing is required for the completion of DNA repair pathways and for chromosome segregation during mitosis ([@b28-molcell-37-8-569]; [@b41-molcell-37-8-569]). In eukaryotes, HJ is processed either by dissolution or by resolution. The HJ dissolution is mediated by BLM-TOP3-RMI1-RMI2 complex ([@b46-molcell-37-8-569]). While molecular mechanism of HJ dissolution in human is relatively well understood, the resolution is not. In *E. coli*, the HJs are resolved by RuvC which introduces symmetrical nicks to the HJ to resolve it and simply religates the nicks to finish the resolution. On the other hand, SLX4-SLX1 complex introduces nicks but these nicks are not symmetric and cannot be simply ligated, and these findings raise a question if MUS81 bound to SLX4 together with SLX1 might cooperatively resolve the HJs. In eukaryotes, *in vitro* biochemical assays showed that three nucleases, GEN1, MUS81-EME1 and SLX4-SLX1, are capable of resolving HJs ([@b42-molcell-37-8-569]). Recently, physiological genetic relationship among the factors related to HJ processing was characterized.

Genetic interaction of SLX4 with BLM or GEN1
--------------------------------------------

Genetic interactions of SLX4, BLM and GEN1 have been investigated using BLM deficient and SLX4 deficient human cells. Depletion of SLX4 and BLM induces cell death in BLM and SLX4 deficient cells, respectively. Further study showed that the cell death is due to severe chromosome abnormalities ([@b18-molcell-37-8-569]; [@b47-molcell-37-8-569]). Such abnormalities include chromosome bridges and segmented chromosomes that are observed in a large portion of cells devoid of SLX4 and BLM, leading to delayed mitotic duration and cell death. The chromosome aberrations are most likely caused by unresolved HJs linking two homologous chromosomes. Similar synthetic lethality has been observed in *S. cerevisiae* ([@b32-molcell-37-8-569]), *C. elegans* ([@b38-molcell-37-8-569]) and *D. melanogaster* ([@b3-molcell-37-8-569]) with the deletion of orthologs of BLM and SLX4 genes. Therefore, HJ processing mechanism is conserved from lower to higher eukaryotes. Depletion of MUS81 or SLX1 in BLM deficient cells also leads to cell death. Consistent with this, depletion of BLM in SLX4 null cells expressing SLX4 mutants that cannot interact with either MUS81 or SLX1 results in cell death, whereas XPF is not implicated in the synthetic lethal phenotype ([@b18-molcell-37-8-569]; [@b47-molcell-37-8-569]). These results suggest that among the nucleases interacting with SLX4, MUS81 and SLX1, but not XPF, are responsible for HJ resolution as described below.

Cooperative action of SLX4-SLX1-MUS81 in HJ resolution
------------------------------------------------------

The MUS81-MMS4 complex has shown to be a HJ resolvase in fission yeast ([@b5-molcell-37-8-569]). However, in humans, purified MUS81-EME1 does not efficiently cleave intact HJs, but does show higher resolvase activity on nicked HJs ([@b16-molcell-37-8-569]; [@b20-molcell-37-8-569]). To reconcile the genetic results and biochemical function of MUS81, it was proposed that there might be a factor that introduces a nick to intact HJs, which generates a structure that MUS81 can act on. One of the strong candidates is SLX1 as purified full length SLX4 and SLX1 complex showed a powerful nicking activity on a wide range of DNA structures including 3′-flap, 5′-flap and intact HJs. Using specific HJ substrates, Wyatt et al confirmed that SLX1 makes a nick and MUS81 finalizes HJ resolution, a sequential HJ resolution by two endonucleases bound to SLX4 ([@b47-molcell-37-8-569]) ([Fig. 2B](#f2-molcell-37-8-569){ref-type="fig"}).

ROLES OF SLX4 IN TELOMERE HOMEOSTASIS
=====================================

SLX4 is localized to telomeres through the interaction with TRF2 ([@b43-molcell-37-8-569]; [@b44-molcell-37-8-569]; [@b45-molcell-37-8-569]). Telomere length increases when SLX4 is depleted in U2OS cells and is restored by expressing wild type SLX4. However, SLX4 mutant that cannot interact with SLX1 fails to restores telomere length, indicating that SLX1 is responsible for telomere trimming ([Fig. 2C](#f2-molcell-37-8-569){ref-type="fig"}). Biochemical analysis demonstrated that the endonuclease activity of SLX1 mediates the cleavage of telomeric D-loop ([@b44-molcell-37-8-569]). These results are reflected *in vivo* showing that SLX4-SLX1 is responsible for the formation of telomeric circles implying that by resolving t-loops, SLX4-SLX1 might be necessary for telomere trimming when required. It was reported that TRF2 negatively regulates the length of telomeres ([@b1-molcell-37-8-569]; [@b39-molcell-37-8-569]). The results that TRF2 brings SLX4 and SLX4 delivers SLX1 to telomere shed light on how TRF2 negatively regulates the length of telomere. Intriguingly, however, the SLX4 function in telomere homeostasis is not dependent on its localization to telomeres in mice ([@b45-molcell-37-8-569]). Mouse SLX4 does not contain TRF2 binding motifs and thus does not form foci at telomeres. However, it was observed that cells from SLX4 knockout mice exhibit longer telomere than wild type mice, and the longer telomere length was restored to normal when wild type SLX4 is expressed. Increased TIFs (telomere dysfunction-induced foci) are observed in the absence of SLX4 in both human and mouse cells, indicating that SLX4 prevents DNA damage at the telomeres ([@b45-molcell-37-8-569]). Understanding remains elusive of how SLX4 prevents TIF formation without localizing to telomeres in mouse. It would be interesting to study if lengthening of telomere leads to DNA damage at the telomere region as the lack of SLX4 results in longer telomere length and enhanced TIF formation. This would lead us to understand the biological relevance of telomere trimming, which is guided by TRF2-SLX4 interaction.

NUCLEASES INDEPENDENT FUNCTION OF SLX4: CONTROLLING DNA DAMAGE RESPONSES
========================================================================

DNA damage occurring before and during S phase needs to be repaired to ensure fidelity of DNA replication. DNA insults in S phase are particularly detrimental as DNA replication machinery falls off from the DNA when it encounters unrepaired DNA damage ([@b8-molcell-37-8-569]). In *S. cerevisiae*, Mec1^ATR^ is recruited to the sites of damage, and is activated by Dpb11^TopBP1^ which independently mobilizes to DNA lesions in response to replication stress. The activated Mec1 initiates a checkpoint signaling cascade by phosphorylating multiple targets including Chk1 and Rad53. Once DNA lesions are repaired, cells need to deactivate the damage response to resume cell cycle progression. Since hyperactivated or persistent DNA damage response triggers cellular programs leading to senescence or apoptosis, the activity of kinases implicated in the processes need to be tightly regulated ([@b9-molcell-37-8-569]). Recently, Ohouo et al showed that Slx4-Rtt107 complex prevents aberrant hyperactivation of DNA damage signaling induced by the DNA alkylating agent, methylmethane sulfonate. They observed that budding yeast lacking Slx4 exhibits hyper-phosphorylated Rad53, indicating that Slx4 plays a role in regulating the level of Rad53 activation ([@b35-molcell-37-8-569]). The activation of the checkpoint effector Rad53 is mediated by Rad9^53BP1^ which is stabilized at the lesions through the interaction with Dpb11 and phosphorylated H2A. However, Ohouo et al found that the Slx4-Rtt107 complex occupies the Rad9 binding sites to Dpb11 and phosphorylated H2A and in turn reduces the level of Rad53 phosphorylation. Therefore, in the absence of Slx4, the checkpoint adaptor Rad9 binds to more Dpb11 and H2A, and mediates more activation of Rad53 ([@b35-molcell-37-8-569]) ([Fig. 2D](#f2-molcell-37-8-569){ref-type="fig"}). For the interaction between Slx4 and Dpb11, and Rtt107 and phosphorylated H2A, Slx4 and Rtt107 need to be phosphorylated by Mec1, implying that cells are evolved to fine tune the level of DNA damage response by the competition based mechanism in response to replicative stress. It is worth noting that phosphorylated Slx4 interacts with BRCT domains of Dpb11, which will be discussed later ([@b34-molcell-37-8-569]). Currently such nucleases-independent function of Slx4 has been reported only in budding yeasts; similar SLX4 function in human remains to be identified.

CONCLUSION
==========

Although not having enzymatic domains, SLX4 plays a critical role in preventing genomic instability by delivering multiple structure specific endonucleases to the sites of DNA lesions and coordinating their functions. One of the emerging questions to be answered is how SLX4 is recruited to different types of DNA damage. Multiple groups have provided evidence that localization of SLX4 to telomeres is mediated by SLX4-TRF2 interaction. The UBZ domain has been suggested to recruit SLX4 to sites of ICLs based on its interaction with ubiquitinated FANCD2 in chicken DT40 cells although the same interaction has not been recapitulated in mammalian cells. SLX4 could be mobilized to sites of ICLs through as of yet unidentified factors that are poly-ubiquitinated on K63 residue, for which UBZ domain has a higher affinity. The molecular mechanism of SLX4 localization to sites of DNA double strand breaks remains elusive. Based on the observation in budding yeast that phosphorylated Slx4-Rtt107 complex is targeted to stalled replication forks through the direct interaction with Dpb11, which contains BRCT domains, it would be interesting to study if ATM/ATR dependent phosphorylation of SLX4 is implicated in this localization *via* similar interaction with BRCT domain containing proteins. While the functional relevance of SLX4-bound nucleases, XPF-ERCC1, MUS81-EME1 and SLX1, has been relatively well understood, additional functions of SLX4 through its interaction with MSH2-MSH3, c20orf94, and PLK1 have not been characterized. In particular, as PLK1 is implicated in cell cycle dependent EME1 phosphorylation, which enhances the SLX4-MUS81-EME1 interaction and HJ resolvase activity ([@b30-molcell-37-8-569]), it will be interesting to study if this function of PLK1 is dependent on its interaction with SLX4.
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![Schematic comparison of domain organization and binding partners of SLX4 protein family in different species. Conserved domains are illustrated in different colors. Only reported binding partners are shown. Interacting domains are denoted by thick black lines and specific amino acid residues responsible for the interactions are indicated. The size of proteins is drawn approximately to scale. *H.s., Homo sapiens; M.m., Mus musculus; G.g., Gallus gallus; D.m., Drosophila melanogaster; C.e., Caenorhabditis elegans; S.c., Saccharomyces cerevisiae; S.p., Schizosaccharomyces pombe.*](molcell-37-8-569f1){#f1-molcell-37-8-569}

![Diverse functions of SLX4 in genome maintenance. For each function, participating nucleases are shown in color coded and placed in front of SLX4, whereas non-participating nucleases are depicted in gray and behind SLX4. (A) During ICL repair, SLX4 modulates XPF and potentially SLX1 in the incision step and coordinates SLX1 and MUS81 for the homologous recombination. (B) SLX4-SLX1-MUS81 functions as a HJ resolvase. The ordered nicking and counter-nicking transactions on HJs are mediated by SLX1 and MUS81, respectively. (C) SLX4 complex is recruited to telomeres by SLX4-TRF2 interaction and is implicated in telomere length homeostasis. SLX1 nuclease activity is important for telomere trimming. (D) Nuclease-independent function of Slx4 in budding yeast. SLX4-Rtt107 competes with Rad9 for Dpb11 and phosphorylated H2A binding, which results in down-regulation of Rad53 activity and associated DNA damage checkpoint.](molcell-37-8-569f2){#f2-molcell-37-8-569}
